As part of a prospective study of the neurologic and neuropsychological complications of coronary artery bypass graft surgery, 312 patients were compared with a control group of 50 patients undergoing major surgery for peripheral vascular disease. The purpose of comparing the 2 groups was to determine to what extent neurologic complications after heart surgery can be attributed to cardiopulmonary bypass. The 2 groups were similar with respect to age, preoperative neurologic and intellectual status, anesthetic methods, duration of operation, perioperative complications, and time spent in the intensive therapy unit. Certain potential risk factors for cerebrovascular disease were more common in the control than the coronary bypass patients. The important difference between the 2 groups was that only the latter group underwent cardiopulmonary bypass. In this group 191 of 312 (61%) and 235 of 298 (79%), respectively, developed early neurologic and neuropsychological complications. By the time of hospital discharge 17% had neurologic disability and 38% had significant neuropsychological symptoms. In the control group 9 of 50 (18%) developed neurologic complications resulting largely from trauma to lower limb sensory nerves. Two patients developed primitive reflexes. Fifteen of 48 (31%) showed neuropsychological impairment on 1 or 2 subtest scores. Moderate or severe intellectual dysfunction was not seen in the control patients in contrast to the 24% thus affected in the coronary bypass group. The difference in frequency and severity of central nervous system complications between the 2 groups is likely to reflect cerebral injury resulting from cardiopulmonary bypass. (Stroke 1987;18:700-707) 
As part of a prospective study of the neurologic and neuropsychological complications of coronary artery bypass graft surgery, 312 patients were compared with a control group of 50 patients undergoing major surgery for peripheral vascular disease. The purpose of comparing the 2 groups was to determine to what extent neurologic complications after heart surgery can be attributed to cardiopulmonary bypass. The 2 groups were similar with respect to age, preoperative neurologic and intellectual status, anesthetic methods, duration of operation, perioperative complications, and time spent in the intensive therapy unit. Certain potential risk factors for cerebrovascular disease were more common in the control than the coronary bypass patients. The important difference between the 2 groups was that only the latter group underwent cardiopulmonary bypass. In this group 191 of 312 (61%) and 235 of 298 (79%), respectively, developed early neurologic and neuropsychological complications. By the time of hospital discharge 17% had neurologic disability and 38% had significant neuropsychological symptoms. In the control group 9 of 50 (18%) developed neurologic complications resulting largely from trauma to lower limb sensory nerves. Two patients developed primitive reflexes. Fifteen of 48 (31%) showed neuropsychological impairment on 1 or 2 subtest scores. Moderate or severe intellectual dysfunction was not seen in the control patients in contrast to the 24% thus affected in the coronary bypass group. The difference in frequency and severity of central nervous system complications between the 2 groups is likely to reflect cerebral injury resulting from cardiopulmonary bypass. (Stroke 1987; 18:700-707) N eurologic and neuropsychological dysfunction are now recognized as major causes of morbidity following cardiac surgery. 1 " 5 Central nervous system (CNS) complications have largely been attributed to adverse effects of cardiopulmonary bypass (CPB) on the brain. Three major mechanisms are thought to contribute to cerebral injury: 1) macroembolization of air, 6 particulate material derived from aortic atheroma, 7 valve debris, or left ventricular thrombus 8 ; 2) microembolization of gas, 9 fat, 10 aggregates of blood cells, platelets, and fibrin," or particles of silicone or polyvinylchloride tubing 12 ; and 3) reduction of cerebral perfusion, which may result from reduced flow, low arterial pressure, 13 loss of the pulsatile component of flow, 14 or incorrect placement of the aortic cannula.
Neuropsychological testing is the best method currently available for assessing changes in intellectual function after a cerebral insult. It is known, however, that neuropsychological performance can be influenced by day-to-day fluctuations in mood, enthusiasm, and vigor. The available evidence suggests that general surgical procedures and conventional anesthesia produce few changes in neuropsychological function, 16 
"
19 but information from detailed controlled studies is lacking. Before neurologic and neuropsychological complications can be attributed to CPB it is necessary to evaluate the effects on the nervous system of major surgery without the use of extracorporeal circulation (ECC). In this study we have compared the neurologic and neuropsychological outcome in a cohort of 312 patients undergoing coronary artery bypass graft (CABG) surgery with that in a group of 50 patients undergoing major noncardiac vascular surgery without the use of CPB.
Subjects and Methods

Coronary Artery Bypass Graft Group
The study cohort comprised 312 patients who underwent elective CABG surgery during the 12-month period from September 1983 to August 1984 at the Regional Cardiothoracic Center in Newcastle-upon-Tyne. There were 276 men (88.5%) and 36 women (11.5%) aged 33-70 (mean 53.4 ± 7.4) years. Details of the inclusion criteria and the anesthetic and surgical methods used were described in a previous report. 1 CLINICAL NEUROLOGICAL EVALUATION. Detailed clinical neurologic assessment of all patients was undertaken in the 2 days prior to surgery to identify preoperative neurologic abnormalities and to define previous episodes of neurologic illness and possible risk factors for neurologic complications of surgery.' Postoperatively the patients were seen and neurologically assessed on a daily basis until discharge from the hospital. Postoperative psychometric testing was performed in the CABG group on approximately the seventh day (mean 7.4) at a stage when the patient was feeling well, fully ambulant, eating normally, and requiring paracetamol analgesia only.
For each of the 10 tests the differences between the preoperative and postoperative scores were the variables used in the statistical analysis. Mean and standard deviation (SD) for each preoperative test were obtained by the use of the entire sample for that test. A patient was considered to show significant deterioration on a particular test if his postoperative score dropped by > 1 SD below his preoperative score.
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The nonparametric Wilcoxon signed rank test was used to assess whether significant postoperative deterioration occurred for the CABG group as a whole.
Surgical Control Group
A group of 50 patients scheduled for major peripheral vascular (PV) surgery was evaluated preoperatively and postoperatively using the clinical and neuropsychological methods outlined above, all assessments being made by one observer. The surgical control patients included 36 men (72%) and 14 women (28%) aged 41-68 (mean 57.4 ± 6.4) years. The surgical procedures performed were aorto-femoral bypass grafting in 28 patients, resection of an abdominal aortic aneurysm in 15, and other procedures (usually aortic or iliac vessel thromboendarterectomy with or without lumbar sympathectomy) in 7. Postoperative neuropsychological testing was performed on about the seventh day (mean 7.5 days) as in the CABG group.
Normal Control Group
A group of 20 neurologically normal patients was evaluated using the above psychometric battery on 2 occasions separated by an interval of 7 days. There were 15 men and 5 women aged 31-61 (mean 46 ± 9.6) years. These evaluations were performed to assess the reproducibility of the tests when repeated after a short time. Spearman's method was used to obtain test-retest reliability coefficients for each test.
Comparison of Risk Factors
We studied 20 potential risk factors for perioperative cerebral injury to determine whether there was a significant difference in their occurrence between the CABG and surgical control groups. The x 2 test w a s used to compare discrete variables, and the t test to compare means of 2 samples for continuous variables.
Results
Clinical Outcome in Coronary Artery Bypass Graft Group
Four of the 312 patients (1.3%) died; 3 of the deaths were due to cardiac disorders and 1 resulted from neurologic injury. One hundred ninety-one (61%) developed new clinical neurologic abnormalities after surgery. There were 7 categories of neurologic disorder 1 : 1. Fatal cerebral hypoxic/ischemic injury resulting from an episode of profound intraoperative hypotension occurred in 1 patient (0.3%). 2. Depression of consciousness level for > 24 hours after surgery was observed in 10 patients (3.2%). A normal level of alertness was regained in all but 1 patient by the twelfth postoperative day.
3. Stroke developed in 15 patients (4.8%). Major functional disability occurred in 4 of these patients; 11 were not severely incapacitated. Nine additional patients (2.9%) developed signs indicative of minor focal CNS injury, such as reflex asymmetry or extensor plantar response.
4. Ophthalmologic abnormalities were observed in 78 patients (25%) and included areas of retinal infarction in 54 (17.3%), retinal emboli in 8 (2.6%), visual field defect in 8 (2.6%), and reduction in visual acuity in 14 (4.5%).
5. Primitive reflexes developed in 123 patients (39.4%) including palmo-mental reflexes in 107 (34.3%), pout reflex in 36 (11.5%), and bilateral grasp reflexes in 1 (0.3%).
6. Postoperative psychosis consisting of a paranoidhallucinatory state was observed in 4 patients (1.3%).
7. Peripheral nervous system complications developed in 37 patients (11.9%); 21 (6.7%) developed a brachial plexopathy and 17 (5.4%) dysfunction of other peripheral nerves.
Of the 191 patients with neurologic complications, 48 were mildly disabled (i.e., experienced difficulties in managing their normal everyday activities) and 4 were severely disabled to the extent that they would have been unable to manage an independent existence.
Clinical Neurologic Outcome in Surgical Control Group
One patient (2%) died postoperatively of cardiac failure. Minor postoperative neurologic abnormalities developed in 9 patients (18%). There were 2 types of disorder:
1. Peripheral neurologic complications developed in 7 patients (14%). Six developed areas of numbness on the anterior or medial aspect of the thigh. The sensory impairment was left-sided in 4 cases, right-sided in 1, and bilateral in 1. The distribution conformed to the L2 or L3 dermatomes, or the area supplied by the medial or intermediate femoral cutaneous nerves. These findings presumably relate to direct trauma to roots or peripheral nerves in the vicinity of the aorta or femoral vessels. One additional patient developed a mild leftsided sensory ulnar neuropathy.
2. Primitive reflexes developed in 2 patients (4%). These were palmo-mental reflexes in both cases, rightsided in 1 and bilateral in the other.
None of these detectable abnormalities resulted in functional disability. The other major categories of neurologic disorder (fatal cerebral hypoxia, depression of consciousness level, stroke, ophthalmologic abnormalities, and psychosis) were not found in the surgical control group.
Neuropsychological Results in Normal Control Group
The Spearman test-retest reliability coefficients obtained from the 20 normal control patients were Trail Making, 0.87; WMS, 0.91; WAIS block design test, 0.80; WAIS vocabulary test, 0.98. Thus, the neuropsychological tests employed in this study have good reproducibility when repeated after 7 days in normal individuals. These results agree with previously reported studies that show good test-retest reliability coefficients for these psychometric tests. 21 ' 2224 " 26 
Neuropsychological Outcome in Coronary Artery Bypass Graft Group
Two hundred ninety-eight of the 312 patients (96%) completed the preoperative and postoperative neuropsychological test batteries. The ranges, means, and SDs of the preoperative and postoperative test scores for the CABG group have been detailed in an earlier report.
2 Table 1 summarizes the mean score changes that occurred. Significant postoperative deterioration for the group of 298 patients as a whole was found in 7 of the 10 tests. Significant improvement of the group occurred in only 1 test (WMS visual reproduction).
As well as considering the mean changes for the group as a whole, it is important to consider the score changes for individual patients. It can be seen from the ranges in Table 1 that relatively small mean changes for the group as a whole on a particular test encompassed some individuals who showed considerable deterioration. Table 2 shows the percent of individuals deteriorating or improving by > 1 SD in each of the 10 tests. The percent of patients deteriorating on individual tests ranged from 35.6% for the WMS associate learning to as little as 1 % on the WAIS vocabulary test. Two hundred thirty-five of the 298 patients (79%) deteriorated on at least 1 subtest. Table 3 shows the number of patients with mild, moderate, and severe degrees of neuropsychological dysfunction.
The neuropsychological abilities that deteriorated most were those of psychomotor speed (Trail Making), attention and concentration (Trail Making, WMS mental control, WMS digits total), new learning ability (WMS associate learning), and auditory short-term memory (WMS associate learning) (see Table 2 ).
Of the 235 patients who showed postoperative score deterioration, 89 (38%) had symptoms of intellectual impairment and 23 (10%) were considered to be overtly disabled in their everyday activities in the hospital.
Neuropsychological Outcome in Surgical Control Group
Of the 50 patients in the surgical control group, preoperative and postoperative psychometric results were obtained from 48. Of the 2 remaining patients, 1 Change between preoperative and postoperative testing.
•Significant deterioration of the whole group. tSignificant improvement of the whole group. *Age scaled scores used. died shortly after surgery and the other was discharged unexpectedly early from the hospital.
The preoperative and postoperative test scores and score changes are shown in Table 4 . In none of the 10 tests did significant worsening of the group as a whole occur after surgery. In 5 tests significant improvement was observed, and in the other 5 no significant change was seen, in marked contrast to the early findings in the CABG group where significant score deterioration occurred in 7 tests. The percent of surgical control patients whose scores changed by > 1 SD for each test compared with the CABG group are shown in Table 2 . The percent of surgical control patients deteriorating on individual subtests ranged from 0 to 12.5%. For each test the control group showed less impairment than the CABG group.
Fifteen of the 48 surgical control patients (31%) deteriorated on 1 or more test scores compared with 79% of the CABG patients. Of these 15, 13 were impaired on only 1 subtest and 2 on 2 subtests (Table  3) . No patient in the surgical control group showed moderate or severe degrees of neuropsychological dysfunction defined as impairment on 3 or more subtests in contrast to the CABG group where 71 of 298 (24%) deteriorated on 3 or more tests. Table 5 shows a direct statistical comparison between the mean preoperative to postoperative change in test scores for the CABG and surgical control groups. It can be seen that for each of the 10 tests there was a significant difference in the mean change, which reflected greater deterioration in the CABG group.
None of the 15 surgical control patients with score deteriorations had significant symptoms or disability up until the time of hospital discharge.
Comparison of Coronary Artery Bypass Graft and Surgical Control Groups
Before the differences in neurologic and neuropsychological outcome between the 2 groups can be attributed to the effect of CPB, several other factors must be considered. Firstly, it is important to consider the similarity of patients in the 2 groups prior to operation with regard to intellectual performance and neurologic signs. It has been postulated by some authors that preoperative cerebrovascular occlusive disease may predispose to perioperative cerebral injury, 27 " 30 and it is therefore important to compare the frequency of known cerebrovascular disease as well as potential risk factors for its development. Other factors of potential importance include the duration of surgery, the anesthetic methods employed, the time spent in an intensive therapy unit after surgery, as well as the incidence of intraoperative and postoperative complications. Table 6 compares the baseline preoperative neuropsychological performance of the 2 groups. There was no significant difference in mean preoperative scores for the 2 groups in any of the 10 psychometric tests. Table 7 compares 20 other preoperative, intraoperative, and postoperative factors for the 2 groups. The CABG patients were significantly younger than the surgical control patients, a factor one might consider to protect from the development of perioperative complications. There was a higher percentage of men in the CABG group (88.5 vs. 72%, p<0.01). As might be expected, the incidence of preoperative angina pectoris and myocardial infarction was significantly greater in the CABG patients (p<0.001,p<0.001), while clinical evidence of lower limb peripheral vascular disease was more frequent in the surgical control group (p<0.001). The frequencies of previous cardiac failure, hypertension, diabetes, strokes, and transient ischemic attacks were not significantly different between the 2 groups. Both carotid and subclavian bruits were significantly more common in the surgical control compared with the CABG patients (p<0.001, /?<0.01). The surgical control patients were more frequently smokers within both 1 and 5 years of surgery (/?<0.001). There was no significant difference in the prevalence of major functionally significant neurologic signs, minor abnormalities, or primitive reflexes in the 2 groups on preoperative neurologic examination. •Significant improvement of the whole group. tAge scaled scores used.
The anesthetic methods used for both types of operations were fundamentally similar, being based on a modified form of neuroleptanalgesia supplemented by muscle relaxants and frequently a volatile agent or nitrous oxide. Most operations in both groups were 3 -4 hours in duration. The mean duration of surgery was longer in the CABG than the surgical control patients (244.1 vs. 219 minutes, p<0.0\), but this was not a dramatic difference. There was no difference in the incidence of intraoperative complications such as hypotensive events or excessive bleeding. The duration of postoperative intensive therapy was similar for the 2 groups, as were postoperative analgesia requirements.
The CABG group had a higher mean drop in hemoglobin during surgery (p<0.01), an effect partly attributable to hemodilution from the CPB circuit. The incidence of postoperative hypotension defined as a mean systolic blood pressure <80 mm Hg for >2 minutes was not significantly different between the 2 groups. The surgical control patients were more frequently given inotropic agents to support blood pressure or renal function after surgery (p<0.05).
Discussion
Few previous studies referring to the neurologic complications of heart surgery have included a control group. Aberg and Kihlgren in 1974 studied the neuropsychological outcome in 113 patients undergoing surgery with ECC and a control group of 46 patients operated upon for general thoracic surgical conditions. 17 Patients both with and without clinically evident cerebral complications in the ECC group showed significant deterioration in mean neuropsychological scores at 1 week after operation. The control group showed improvement in the mean scores for 4 subtests and a nonsignificant decrease for 2. These authors concluded that operations using ECC impaired intellectual function and that this detectable impairment probably reflected cerebral injury. Two other studies have reported the neurologic outcome of small groups of general surgical control patients. Raymond et al compared 31 CABG patients with 16 patients undergoing various general procedures ranging from aortic aneurysm resection to hernia repair." The CABG patients showed abnormalities in motor and visuospatial performance, attention span, concentration, and auditory memory in the early postoperative period. These abnormalities were not present in the control group. In a recently reported study, Smith et al compared 55 CABG patients with 20 patients undergoing thoracic or major vascular surgery. 31 Postoperative neurologic abnormalities including stroke, nystagmus, impaired coordination, depressed reflexes, or transient drowsiness were significantly more common in the CABG than the control group. Surprisingly, however, these authors found that neuropsychological deterioration was almost as common in the control group (58%) as in the CABG patients (65%). Severe deficits were more common in the latter group (35 compared with 16%).
Our study shows that minor changes in both neurologic and neuropsychological function may be found after major noncardiac vascular operations. The neurologic complications in our control group consisted largely of damage to lower limb sensory nerves. Minor CNS signs (palmo-mental reflexes) developed in only 2 patients. Minor neuropsychological score deterioration developed in 31% of the surgical control patients. This is likely to be a nonspecific effect resulting from general tiredness, depression, or lack of motivation after recent major surgery. The neurologic and neuropsychological complications in the CABG group were both more frequent and more severe than in the surgical control patients. The potential risk factors for cerebral injury shown in Table 7 fail to provide an adequate explanation for the difference in outcome between the 2 groups. Indeed, one might expect the surgical control group to be at greater risk for the development of neurologic complications since they were older, had a higher incidence of certain risk factors for the presence of cerebrovascular disease (such as neurovascular bruits and smoking), and were more likely to require postoperative inotropic support. The operations were similar in terms of duration, anesthetic methods, and time spent in an intensive therapy unit after surgery. It seems likely therefore that the difference in outcome reflects neurologic injury related to CPB since the use of this technique represented the major difference between the 2 groups.
There are other reasons not directly related to CPB why CABG patients might develop some neurologic problems not seen in PV patients. The development of brachial plexus injury, for example, is likely to be caused by mechanical trauma resulting from sternal retraction. 32 " 34 However, most central neurologic problems are likely to be due to hazards inherent in CPB per se or dislodgement of embolic material from the heart or ascending aorta.
None of the PV patients developing complications had functional disability while in the hospital. This contrasts with the CABG group, in which 52 of 308 (17%) had neurologic disability and 112 of 298 (38%) had significant neuropsychological symptoms or disability.
We conclude that CNS complications occur with much greater frequency and severity after heart surgery using CPB than after major general surgical procedures and that this difference largely relates to imperfections in current ECC techniques.
